Introduction
Dense non aqueous phase liquid (DNAPL) contaminants are a major source of groundwater contamination at the Savannah River Site (SRS). These chlorinated organic contaminants are located in discrete pockets of the subsurface, both above and below the water table and continuously contaminate clean groundwater through dissolution (Looney et al., 1992) . To successfully remediate a site contaminated by DNAPLs, it is imperative that the slowly dissolving, non-aqueous phase be found and removed. There are few technologies that can successfully and consistently detect DNAPLs in the subsurface either directly or by inferred measurements. Environmental scientists have had much success locating light non aqueous phase liquid (LNAPL) plumes at depth using cone penetrometer-based, fiber optic laser induced fluorescent techniques. The LNAPL compounds are normally petroleum-based, containing aromatic components, and will fluoresce when excited by wavelengths in the high ultraviolet to low visible range. These wavelengths can be transmitted through fiber optics over the distances required for many subsurface investigations (10 to 200 feet). DNAPLs are normally chlorinated aliphatic compounds that will only fluoresce when exposed to very low ultraviolet wavelengths. These low wavelengths cannot be transmitted through optical fiber as required by the cone penetrometer-based systems.
Fluorescent techniques have been used to locate petroleum by the oil industry for many years and have been suggested as a technique for locating DNAPL either dxectly or through the identification of fluorescent co-contaminants (Cohen and Mercer, pp 9-40,1993) , however, this method has not been widely applied to date. Some of the reasons for the modest use of fluorescence for DNAPL detection are: 0 0 0 e the broad fluorescent signal can rarely be used to positively identi@ a specific compound DNAPL is often located in thin, discrete, discontinuous ganglia rather than thick pools, so its easy to miss some natural soils fluoresce, making data interpretation difficult DNAPL is often inferred at a site rather than actually detected, so little is known about the composition and co-contaminants comprising the waste Dense chlorinated solvents were used in degreasing operations at SRS. As a result, the waste DNAPL solvents contain small amounts of the petroleum-based cutting oils and die lubricants. These oils tend to prefer to partition into non-polar solvents rather than water and can be transported in the DNAPLs through the subsurface. The lubricating and cutting oils (e.g., Fiske's 604 hot die lubricant) were comprised of a "cut" or mixture of petroleum distillates containing aliphatic, and aromatic compounds. The exact chemical make-up of these oiis varied fi-om batch to batch but proportions of compounds were fairly consistent. The lubricants also contained small amounts of other compounds such as graphite, organoclay, and aluminum.
DNAPL samples bailed fi-om wells in the M area (MSB-3D and MSB-22) were not clear, as would be expected for pure PCE and TCE, but were a distinct amber color (Looney et al., 1992) . This color may be due to a combination of natural organic matter with the solvents, however, the fiaction of organic matter in the soils at the M area is very low (foc < 0.0005 fi-om Looney et al., 1990 ) and the color of the DNAPL is different than the color of the sediments which tend to be red or tan. Another likely explanation for the amber colored solvents is the mixing of the solvents with cutting or lubricating oils. From conversations with personnel (meeting with James Weiderkehq 9/11/96) who had operational experience at the time of the use of the chlorinated solvents, it is evident that the waste solvents were not clear before they were released to the outfalls and settling basins, probably due to mixing with the cutting oils and lubricants.
procedure We performed simple experiments on a bailed sample to determine the optical characteristics of the liquid DNAPL fiom well MSB3D. Reagent grade PCE, ethyl alcohol, and dilutions of the DNAPL sample using the pure PCE as a diluent were also analyzed. F& the absorption experiments, the samples were prepared in spectroscopic-grade quartz cuvettes to minimize attenuation losses in the ultraviolet wavelength range fiom the Sample container and obtain a more accurate absorption profile. Standard borosilicate glass vials were used to contain the samples for the fluorescence measurements. Absorption spectra and fluorescent spectra were collected on the samples using fiber optic-based equipment. The results are given in the figures below.
Results Figure 1 shows the absorption spectra of different concentration solutions of the DNAPL sample in a pure PCE diluent. Absorption or absorbance is defined through the Lambert-Beers equation as:
A(au) = log,, -Io = abC I where Io is the initial intensity of a light source at a particular wavelength, I is the intensity of the light (at the given wavelength) after it has passed through the analyte, a is the absorptivity constant of the compound, and b and C are the path length of the light through the compound and the concentration of the absorbing species in grams per liter ( Chen, 1987 and Silverstein et al., 1974) . In figure 1 , the numbers in the parentheses over the different DNAPL spectra identify the number of drops of bailed DNAPL added to 4 ml of reagent grade PCE in a cuvette (the relative concentration of the PCE + DNAPL solution). Included in this figure are plots of pure PCE (no DNAPL added) and pure ethyl alcohol for reference. From these plots, it is clear that the peak absorption of pure PCE occurs between 250 and 280 nm with little absorption beyond 290 nm. The peak absorption of the DNAPL, however, OCCUTS at approximately 295 nm with significant absorption (> 0.1 au) still occurring as high as 390 nm. These higher wavelengths are less attenuated by fiber optics so that more optical power can be delivered to the analyte. The more excitation power delivered, the higher the fluorescent response of the analyte and the better the detection limit of the system. Figure 2 shows the fluorescence spectra of the DNAPL sample at various excitation wavelengths. The numbers in parentheses over the spectra indicate the excitation wavelength used. A mercury lamp with optical filters was used to select excitation lines. The spectra were all taken using a fiber optic delivery system focused on a 22 ml vial containing the bailed DNAPL sample. Pure PCE , ethanol, and air in similar vials were also scanned for reference and comparison to the DNAPL spectra. The spectrometer was a Princeton Instruments CCD set for I second exposure and with slits at 50p. Low OH fibers with 600p diameter cores were used to transmit the excitation and emission signals.
From the figure, it is clear that the DNAPL spectra at excitation wavelengths of both 365 and 405 nm have unique structure at approximately 440,480,520, and 550 nm. The fluorescent intensity of the two samples is also significantly higher than the spectra of the other samples. 530.00 580.00 630.00
Wavelength (nm) Figure 3 compares the background-corrected fluorescence spectra of the DNAPL samples collected using the mercury (Hg) lamp and a low power, pulsed nitrogen laser with a principal emission line at 337 nm.
The spectral features at 480, 520, and 550 are discernible with the laser spectrum but not as clear as the higher-powered mercury lamp spectrum. These plots indicate that the source of excitation be selected for producing the maximum fluorescent signal fkom the contaminant. The proper source may not necessarily be the one with a wavelength closest to the maximum absorption wavelength. The amount of power capable of being transmitted through the optical fiber as well as the absorption efficiency of the light by the compound of interest must be considered. The relatively strong fluorescence response of the SRS sample at excitation wavelengths accessible to most fiber optic delivery systems shows the potential for using fluorescence as a DNAPL detection technique when the DNAPL has been co-disposed with compounds containing fluorophores. The same potential exists when chlorinated solvents have been released in an area containing leachable natural organic matter. In the latter case, the DNAPL is expected to extract and concentrate the natural organic matter, giving rise to significantly stronger fluorescent response (with respect to background) in areas where the DNAPL has accumulated. The data shown in these plots suggest that cone penetrometer-based laser induced fluorescence techniques may be applicable to DNAPL if the appropriate excitation wavelength is used and the proper emission wavelengths are detected. To aid in the selection of the optimal optical parameters for employing this method, samples of the oils and lubricants used in the metal fabricating processes and "degreased" by the chlorinated solvents should be obtained and analyzed for their optical characteristics.
